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Abstract 

The comprehensive study of the temperature dependent x-ray absorption spectroscopy (XAS) 
reveals a dynamical spectral weight a in YBa2Cu30 y (YBCO). Large spectral weight changes for 
both the Upper Hubbard band and the Zhang-Rice band due to dynamics of holes are experimen- 
tally found in the underdoped regime. A large value of a > 0.3 is indispensable to describing XAS 
of YBCO with the conservation of states. The value of a is linearly proportional to the pseudo- 
gap temperature in the underdoped regime, but becomes smaller as the doping level goes to the 
undoped limit. Our results clearly indicate that the pseudogap is related to the double occupancy 
and originates from bands in higher energies. 

PACS numbers: 74.72.-h, 78.70.Dm, 71.27.+a, 74.72.Kf 
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The high-temperature superconductor(HTSC) is still a challenging subject in condensed 
matter physics. The underlying mechanism for high-T c superconductivity is considered 
elusive by many researchers in this field. In addition, above T c in the normal state, there 
exists another energy scale due to which many unconventional phenomena occur [l|. For 
example, the resistivity p of HTSC shows a linear temperature dependence above some 
characteristic temperature T* and decreases below T* [2, 3], indicating that the scattering for 
the transport carriers experience becomes less significant below T*. The nature of PG have 
been under debate for a long time and is believed by many to be the key to the origin of high- 
temperature superconductivity. Another crucial factor in HTSC is the electron correlation. 
In contrast to be metals as predicted by band structure calculations, the undoped CuO"2 
plane in HTSC is a Mott insulator with a strong correlation gap, U, separating the upper 
Hubbard band and the lower Hubbard band. As one dopes HTSC with holes into the 
oxygen orbitals, the holes hybridize with Cu spins to form the Zhang-Rice singlet |4( band 
residing between the upper Hubbard band and the lower Hubbard band. It is therefore 
widely believed that the Hubbard model and thus the Mott physics, which dealt with the 
strong electron correlation, are indispensable to the understanding of the HTSC underlying 
mechanism. Even though the on-site Couloumb repulsion suppresses electrons to doubly 
occupy the same Cu site, the double occupancy may occur mediated by the non-zero t/U 
term (t being the the hopping constant) and could hop off to a neighboring empty site. Hence 
there must be dynamical contributions to the spectral weight. In this Letter, for the first 
time through the dynamical effects revealed by the temperature dependent x-ray absorption 
spectroscopy (XAS), a strong experimental link between PG and the double occupancy in 
the strong electron correlation regime is found. 

One of the key features that makes doped HTSC different from conventional metals is that 
the Zhang-Rice band that supports superconductivity is not rigid and its spectral weight 
depends strongly on the doping level and the upper Hubbard band. Indeed, as shown in 
early x-ray absorption spectroscopy (XAS) jsj], there are large spectral weight changes for 
the Zhang-Rice band as the doping level is tuned. This spectral weight change is attributed 
to the spectral weight transfer from the upper Hubbard band. In the atomic limit, for each 
hole, there are two ways of adding an electron into the hole. Consequently, it is expected that 
the weight among the the Zhang- Rice band, the lower Hubbard band and the upper Hubbard 
band is 2p, 1 — p, and 1 — p respectively, with p being the doping level. Experimentally, 
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however, the Zhang-Rice band always appears to be much enhanced with weight more than 
2p. Recently, it is further suggested that the Zhang-Rice singlet may even breakdown at 
p ~ 0.21 in the overdoped region, probably correlated to the vanishing spectral weight in 
the upper Hubbard band [6|. As for the dynamical contribution to the spectral weight, 
theoretical attempt is summarized in the derived sum rules % |8j. The ratio for the spectral 
weight is shown to be 2p + a, 1 — p, and 1 — p — a for the the Zhang- Rice band, the lower 
Hubbard band and the upper Hubbard band respectively, where a is the dynamical spectral 
weight. In the lowest order, it is shown that a = 2K/U with K being the average kinetic 
energy of the ground state with double occupancy removed Very recently, a different 
weight ratio with 2(p + a), 1 — p — a, and 1 — p — a for the the Zhang- Rice band, the 
lower Hubbard band and the upper Hubbard band respectively was proposed in considering 
the symmetry between the occupied part of the lower and upper Hubbard bands. Here, 
however, a is identified as the density of doublon-holon bound states [9| . Although different 
conclusions are drawn, these results imply that it is possible for the weight of the upper 
Hubbard band to vanish much early before the doping level hits one and may explain the 
observation of Ref.{(3]. To date, however, there has been no experimental effort to identify 
the dynamical contribution. 

To serve this purpose, the temperature dependence of the O-K edge spectral weight in 
YBa 2 Cu30j / was examined. O-K XAS measurements, with a photon energy resolution of 
0.15 eV at 530 eV, were conducted at the high-energy spherical grating monochromator 
beamline of National Synchrotron Radiation Research Center in Taiwan. The spectra were 
taken at various temperatures from T=300 K to 15 K. The self-absorption corrections were 
applied to all spectra to correct the saturation effects. Details of the XAS measurements were 
described elsewhere [l2[ . YBaaCuaO^ (YBCO) and nominal Y .7Cao.3Ba 2 Cu 3 O y (YCBCO) 
thin films were prepared on (100) SrTi0 3 substrates using pulsed laser deposition. The 
thickness of all the films was controlled to be 250 nm. The crystallinity of the films was 
analyzed by the X-ray diffraction (XRD) pattern. The results revealed that all the films 
were well-oriented (001) ones. The oxygen contents were controlled by post annealing the 
as-prepared thin films at various temperatures and oxygen pressures. This method has 
been proven to be capable of controlling the oxygen contents of the YBCO films precisely 



and reversibly 



lOj. Resistivity p{T) of the films was measured by the standard four-probe 



method. To check the quality of our samples, we show the data of p(T) in Fig. 1. The oxygen 
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contents of YBCO samples are determined from the values of T c The doping level is 



obtained by using the formula 1 — T c /T c , 



and T„ 



n 



82.6(jo-0.16) 2 with T a 



92K for YBCO 



8AK for YCBCO, respectively [13]. It is seen that these samples are comparable 



to those of the high quality thin films and single crystals in the literature. Furthermore, 




FIG. 1: Resistivity p(T) of (a) YBa2Cu30 6 . 5 ; (b) YBa2Cu30 6 . 8 ; (c) YBa2Cu30 6 . 95 ; (d) 
Y0.7Ca0.3Ba2Cu3O6.8- Here T* is the onset temperature of pseudogap. 

the pseudogap temperature T* can be easily identified. For the p = 0.165 sample near 
the optimal doping, T* is in the vicinity of the superconducting fluctuation regime and is 
difficult to determine by p(T). However, it is plausible to assume that T* 100 K at this 
doping. 

O K-edge XAS of cuprates has been studied before [5|, |l4(. However, to the best of 
our knowledge, only a limited study of the temperature effects on XAS of cuprates was 
reported [l5]. To explore a through the spectral weight changes with T, O iC-edge XAS of 
YBCO and YCBCO was measured from T=300 K down to T <20 K. Fig. 2(a)-(e) shows 
spectra of YBCO and YCBCO for various doping levels. The features of the O iC-edge 
XAS at E = 527.5 eV, 528.2 eV, and 529.4 eV are attributed to the CuO chain holes, the 
Zhang-Rice band, and the upper Hubbard band, respectively. For YCBCO with p=0.23, 
the feature of the upper Hubbard band is elusive as reported in Ref[6|. In Fig. 2(f), the 
O .fT-edge XAS of SrTi03 is shown for comparison. The spectra of SrTi03 are shown to 
demonstrate the presumably trivial temperature dependence as the peaks become sharper 
at low T . It is then clear that the temperature dependence of O .fT-edge in YBCO is 
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highly nontrivial. Both the the Zhang-Rice band and the upper Hubbard band features 
bear noticeable changes due to the temperature variations from T=300 K to T <20 K. 
Generally, the the Zhang- Rice band spectral weight Szr increases at low T while that of the 
upper Hubbard band (Sjjhb) decreases. These changes are especially obvious for the deeply 
underdoped sample YBa 2 Cu 3 6 .5. To the contrary, temperature variations of YCBCO O 
.fT-edge XAS are very similar to those of STO, mainly showing trivial line width sharpness 
with decreasing T. To analyze the spectrum changes more quantitatively, XAS intensity 
differences AS(T) = S(T) — S(300K) were plotted in Fig. 3. These plots further confirm 
the above mentioned spectrum changes of both the the Zhang-Rice band and the upper 
Hubbard band features. The Gaussian peak fit was used to extract the values of Suhb and 
Szr form the <r(T=300 K) for each YBCO. The values of ASuhb and ASzr were obtained 
from the integration of the spectral weight changes as depicted in the bottom of Fig. 2(a). 




£(eV) £(eV) 

FIG. 2: O K-edge XAS at various temperatures of (a) YBa2Cu306.g; (b) YBa2Cu3C>6.8; (c) 
YBa2Cu30"6.5; (d) Yo.7Cao.3Ba2Cu306.s; (e) SrTi03 (f)YBa2Cu306.35- In (a), XAS intensity def- 
erence of YBa2Cu306.5 is denoted as the black lines. Act = <r(< 20K) — a(3Q0K). The areas with 
the slashes and the vertical lines denote the spectral weight changes of the Zhang-Rice band and 
the upper Hubbard band, respectively. 

The non-trivial changes in the spectral weight can be related to a in at least two scenarios. 
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FIG. 3: AS UHB (T) and AS ZR (T) of (a) YBa 2 Cu30 6 . 5 ; (b) YBa2Cu30 6 . 8 ; (c) YBa 2 Cu30 6 .9 5 ; (d) 
Y0.7Ca0.3Ba2Cu3O6.8- A£(300 K)=0. ASuhb(T) of Yo.7Cao.3Ba2Cu306.s due to the absence of 
UHB. The lines are guides for eyes. 

One scenario is to attribute the entire AS to a. In this case, ASuhb/ Sjjhb = ®uhb/(1 —p)- 
This way the dynamical spectral factor cxuhb can be estimated from the change of the upper 
Hubbard band. Values of ASuhb/ Sjjhb can be found in Table I. The resultant values of 
tt[/fl\B=0.043, 0.043, and 0.10 forp=6.95, 6.8, and 6.5, respectively. These numbers coincide 
with those of the recent calculations with auHB=0-05 or 0.06 for the underdoped cases 
It is noted that the formation of the proposed 2e boson bound state [9] at low temperatures 
could qualitatively explain both the temperature dependence of O K-edge XAS of YBCO 
and why the change of the upper Hubbard band is most significant in the deeply underdoped 
sample (Fig. 2). However, applying the same analysis to the changes of the Zhang- Rice band 
by ASzr/ Szr = oizr/p leads to values of azn which are too small: a =0.008, 0.006, and 
0.003 for p = 6.95, 6.8, and 6.5, respectively. The conventional picture of 2p+a would only 
double the values of azR- Apparently, the values of oiuhb are not consistent with those 
of azR in this scenario. It has been argued that the spectral weight from the associated 
the Zhang-Rice peak energy range might not be a good indication of Szr [16] due to the 
observed saturation in the overdoped regime . In this case, the dynamical corrections are 
more faithfully manifested by O-uhb- Since undoped cuprates are actually charge transfer 
insulators, it is likely that the carrier doping in O 2p states and the dynamical double 
occupancy in Cu 3d states respectively lead to different spectral weight transfers. 
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As another scenario considering both the conservation of states and the temperature 
dependent spectral weight, a could already exist at T=300 K and be temperature dependent. 
This scenario leads to the coupled equations ASuhb/ Suhb = Aa/(1 — p — a — Aa) and 
ASzr/ Szr = Aa/ {2p + a + Aa). Apparently, these equations are free from the dependence 
on electron-photon matrix elements. The resulting a* at T* and Aa = a(300i^) — a(< 20K) 
are listed in Table I. The temperature variation of Aa is about 0.03 and is of the same order 
of magnitude as o>uhb in the previous paragraph. Values of a for all samples are quite 
large. (The 2p+2a scenario [9] would make a slightly larger but do Aa about the same.) 
However, these large values are not implausible. In the effective one band Hubbard model 
for cuprates, U is actually the charge transfer gap between O 2p and Cu 3d states. From 
the energy difference between the Zhang- Rice and the upper Hubbard band peaks in Fig. 2, 
U ~1.5 eV, which is roughly the same as that (<2.0 eV) obtained by optical measurements 



17J . This small U is responsible for the observed large exchange energy J=0.13 eV 



and also leads to a large a. Since the measured K for optimally doped cuprates [19] is 
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0.345 eV/Cu, using a = 2K/U, the estimated a ~ 0.46 is consistent with those obtained in 
Table I. Furthermore, the increase in K across T c due to coherence of electrons also leads 
to estimates of Aa comparable to those in Table I. The large a could account for the faster 
growth of Szr than 2p (or the faster decay of Suhb than 1-p), as suggested in Ref. 
It could also, at least partially, be responsible for the observed vanishing of the the upper 
Hubbard band peak in the deeply overdoped cuprates (Fig. 2(d)) in addition to the factor 
of the Zhang- Ricesinglet breakdown [6]. Data in Table I clearly show that a is linearly 
proportional to T* in the underdoped regime and eventually bends over and decreases in 
the undoped limit as shown by sample with y = 6.35. It indicates that the formation of 
the pseudogap enhances the particle addition states in cuprates [9]. Here the mechanism is 
quite similar to that for the decrease in resistivity when T goes below T*. 

One of the interesting questions is whether the temperature variation of the spectral 
weight correlates with the formation of the pseudogap. This issue was previously raised 
by an attempt to integrate the high energy scale in the Hubbard model 9j. In Fig. 3(a) 
and (b), the pseudogap temperatur T* is indicated for p=6.5 and 6.8. T* of the slightly 
overdoped p=6.95 sample is difficult to define from p(T). In Fig 3(b), the rapid decrease in 
Suhb with decreasing T occurs around T* suggesting a correlation between ASuhb and T*. 
However, this correlation is not so obvious either in Fig. 3(a) or 3(c). Likely, the decrease in 
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TABLE I: Parameters extracted from Fig. 3. Here for samples with superconductivity in low 



temperature (y = 


6.9,6.8,6.5) 


, Aa is 


the difference of a 


at T = 300 A" and T < 20 A. 


a* is the 


value of a at T*. 


We find a R 


i 0.001 IT*. Note that for y 


= 6.35, there is 


no measurable T* and 


(a*, Aa) are estimated based 


on T = 


300A and T = 200A. 






Sample 


P 




^■Srz/ Srz 


ASuhb/Suhb 


a* 


Aa 


YBa 2 Cu 3 6 . 9 


0.163 


290 


0.04724 


0.05218 


0.435 


0.029 


YBa 2 Cu 3 6 . 8 


0.13 


240 


0.04695 


0.04932 


0.587 


0.027 


YBa 2 Cu 3 6 . 5 


0.085 


100 


0.03661 


0.10985 


0.644 


0.03 


YBa 2 Cu 3 6 .35 


0.06 


* 


0.02138 


0.02968 


0.496 


0.013 



Sjjhb is a crossover rather than a well defined transition. On the other hand, a jump of Szr 
around T c with decreasing T was observed for all samples with superconducting transitions. 
This jump could be a manifestation of the charge redistribution in YBCO because it is 
energetically favorable to have more holes residing in the Cu0 2 planes below T c . This was 
actually predicted in Ref. [18| with the change being estimated to be of order A/Ep, where 
A is the superconducting gap and Ep the Fermi energy. This change of carrier concentration 
can be up to several percents in YBCO 18J] and is comparable to the present magnitudes. 
These jumps appear to occur slightly above Tc indicating that condensation energy sets 
in before the coherence of the cooper pairs. The significant larger change in the overdoped 
sample compared with other three samples clearly reflects the electronic structure change 
from underdoping to overdoping. 



We note in passing that a similar T-dependent O A'-edge XAS was 



Lai_ x Sri +:r Mn04. Here the mechanism was ascribed to the tetragonal distortion 2l|, charac 



bund in 



terized by the bond length ratio, D=Mn-0 (apical) /Mn-0 (in-plane). Due to that D increases 
with decreasing T, the hybridization of O 2p XjV (2p z ) states with Cu 3d states leads to the 
observed T-dependence. However, in contrast to the case of La 1 _ x Sr 1+a .Mn04, D deceases 
with T in YBCO 22\. Consequently, the observed T dependence in the present experiments 
is not due to the charge redistribution induced by the lattice distortion. 

In summary, in addition to using carrier doping, it is verified that the temperature vari- 
ation leads to further spectral weight transfer of O A'-edge XAS in YBCO. The key exper- 
imental features of the present work bear the non-trivial T dependence of XAS in YBCO. 
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These spectral changes associated with the upper Hubbard band and the Zhang-Rice band 
are identified as the dynamical contribution. The observation that a is linearly proportional 
to T* in the underoped regime indicates a strong link between pseudogap and the high energy 
states through the double occupancy. Scenarios like 2e bosons could qualitatively explain 
both the temperature dependence of the spectra and why the changes are most significant 
in the deeply underdoped sample |9j]. However, The details of these changes could not be 
accounted by any existing theoretical model. 

We thank T. K. Lee, and P. Phillips for useful discussions. This work was supported by 
the National Science Council of Taiwan. 



Electronic address: ago@cc.nctu.edu.tw 



' Electronic address: mou@phys .nthu.edu.tw| 
[1] S. Hiifher, M. A. Hossain, A. Damascelli, and G. Sawatzky, Rep. Prog. Phys. 71, 062501 
(2008). 

[2] Y. Ando, S. Komiya, K. Segawa, S. Ono, and Y. Kurita, Phys. Rev. Lett. 93, 267001 (2004). 
[3] S. K. Tolpygo, J.-Y. Lin, M. Gurvitch, S.Y. Hou, and Julia M. Phillips, Phys. Rev. B 53, 
12462 (1996). 

[4] F.C. Zhang and T. M. Rice, Phys. Rev. B 37, 3759 (1988). 

[5] C. T. Chen et al., Phys. Rev. Lett. 66, 104, (1991). 

[6] D. C. Peets et al., Phys. Rev. Lett. 103, 087402 (2009). 

[7] See, for example, H. Eskes, M. B. Menders, and G.A. Sawatzky, Phys. Rev. Lett. 67, 1035 
(1991); M. S. Hybersten, E. B. Stechel, W. M. C. Foulkes, and M. Schluter, Phys. Rev. B 45, 
10032 (1992). 

[8] M. Randeria, R. Sensama, N. Trivedi, and F. C. Zhang, Phys. Rev. Lett. 95, 137001 (2006). 
[9] P. Phillips, T.-P. Choy, and R. G. Leigh, Rep. Prog. Phys. 72, 036501 (2009); P. Phillips, 

Rev. Mod. Physics 82, 1719 (2010); S. Chakraborty, S. Hong, and P. Phillips, Phys. Rev. B 

81, 235135 (2010). 

[10] C. W. Luo, M. H. Chen, S. P. Chen, K. H. Wu, J. Y. Juang, J.-Y. Lin, T. M. Wen, and Y. S. 

Gou, Phys. Rev. B 68, 220508(R) (2003). 
[11] A. Carrington, D. J. C. Walker, A. P. Mackenzie, and J. R. Cooper, Phys. Rev. B 48, 13051 



9 



(1993). 

[12] W. J. Chang, J. Y. Tsai, H.-T. Jeng, J.-Y. Lin, Kenneth Y.-J. Zhang, H. L. Liu, J. Y. Juang, 
J. M. Lee, J. M. Chen, K. H. Wu, T. M. Uen, and Y. S. Gou, Phys. Rev. B 72, 132410 (2005); 
Y.-J. Chen, C.-J. Liu, J.-S. Wang, J.-Y. Lin, C. P. Sun, S. W. Huang, J. M. Lee, J. M. Chen, 
J. F. Lee, D. G. Liu, and H. D. Yang, Phys. Rev. B 76, 092501 (2007). 

[13] J. L Tallon, C. Bernhard, H. Shaked, R. L. Hitterman, and J. D. Jorgensen, Phys. Rev. B 51, 
12911 (1995). 

[14] M. Merz, N. Niicker, P. Schweiss, S. Schuppler, C. T. Chen, V. Chakarian, J. Freeland, Y. U. 

Idzerda, M. Klaser, G. Miiller-Vogt, and Th. Wolf, Phys.Rev. Lett. 80, 5192 (1998). 
[15] Y. Hirai, I. Waki, A. Momose, T. Fukazawa, T. Aida, K. Takagi, and T. Hirano, Phys. Rev. 

B 45, 2573 (1992). 
[16] P. Phillips and M. Jarrell, larXiv:1003.34l2l 

[17] P. A. Lee, N. Nagoasa, and W. G. Wen, Rev. Mod. Phys. 78, 17 (2006). 
[18] D. I. Khomskii and F. V. Kusmartsev, Phys. Rev. 46, 14245 (1992). 

[19] H. J. A. Molegraff, C. Presura, D. van der Marel, P. H. Kes, and M. Li, Nature 295, 2239 
(2002). 

[20] See, for example, A. Kanigel et al., Nature Phys. 2, 447 (2006) and N. Doiron-Leyraud et al., 
Nature 447, 565 (2007). 

[21] M. Merz, G. Roth, P. Reutler, B. Biichner, D. Arena, J. Dvorak, Y. U. Idzerda, S. Tokumitsu 

and S. Schuppler, Phys. Rev. B 74, 184414 (2006). 
[22] R. P. Sharma, F. J. Rotella, J. D. Jorgensen, and L. E. Rehn, Physica C 174, 409 (1992). 



10 



